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The life cycle of obligate commensal and pathogenic bacteria depends on efficient host colonization and transmission. It is increasingly being recognized that bacteria alternate between planktonic and sessile forms of growth, the latter in the form of surface-adherent biofilms-typically, complex microbial communities sometimes comprised of several species living in symbiotic relationships within a structured extracellular matrix of proteins, polysaccharides, and DNA. To form biofilms on a surface, bacteria rely on multiple genetic systems, including those involving attachment, intercellular interactions (e.g., quorum sensing), chemotaxis, carbon sensing, and stress responses (21, 23, 67, 87) . Sessile bacteria differ strikingly physiologically and metabolically from their planktonic counterparts, and the establishment of bacterial biofilms on host tissues is thought to lead to expression of fitness determinants, protect against host defenses, and enhance resistance to antibiotics (29, 67) . These observations and the fact that over half of all bacterial infections are believed to involve biofilms make the study of the role of biofilms in host-pathogen interactions an area of major scientific and clinical relevance (29, 69) .
Streptococcus pneumoniae frequently colonizes the human oronasopharynx asymptomatically (9, 33, 84) . This so-called carriage state not only allows for efficient transmission to new hosts but also precedes the onset of pneumococcal illnesses, such as pneumonia, septicemia, otitis media, and meningitis. Pneumococcal diseases constitute a major global health problem, being responsible for up to 1 million child deaths per year, 90% of which occur in developing countries (58) . For these reasons, colonization represents the point of intervention most likely to be targeted by urgently needed protein-based nonserotype-specific vaccines (10) ; yet, the host-pathogen interactions underlying colonization remain poorly understood (9, 39, 44) .
Bacteria use a variety of strategies to persist in their particular niche in the host (61) . Among pathogens of the respiratory system, the ability to form biofilms seems critical for Pseudomonas aeruginosa and Staphylococcus aureus to cause chronic infections (32, 79, 91) . Several oral streptococci, e.g., Streptococcus mutans, Streptococcus gordonii, and Streptococcus intermedius, persist in biofilms in the human oral cavity (22) , where they are common colonizers of tooth surfaces and occasionally form cariogenic biofilms (15) . Recently, Manetti and colleagues implicated biofilm formation by Streptococcus pyogenes in adherence to mucosal epithelial cells (55) . Moreover, the ability to form biofilms has been proposed to play an important role in otitis media with effusion and recurrent otitis media, which commonly involve Haemophilus influenzae and S. pneumoniae (26, 28) . Recently, it was demonstrated that S. pneumoniae can form biofilms in vitro (4, 26, 82) and that this mode of living is accompanied by the differential expression of about 30% of the S. pneumoniae proteome and the de novo synthesis of about 200 proteins (4) . Moreover, Oggioni and colleagues (65) reported that the transcriptional profile of several known virulence-related genes in S. pneumoniae isolated from lungs and brains of infected mice is similar to that in biofilms formed in vitro, suggesting a possible biofilm-like state of S. pneumoniae in tissues. More recently, known surface molecules, including CbpA and PcpA, as well as murein hydrolases LytA, LytB, and LytC, were shown to contribute to S. pneumoniae biofilm formation on polystyrene surfaces (59) .
After S. pneumoniae crosses the mucus layer of the oronasopharynx, it grows in intimate contact with the mucosal epithelium (7, 12, 56) . We hypothesize that during colonization of this niche S. pneumoniae would benefit from growing as a biofilm and that an understanding of the genes involved in biofilm formation might give novel insights about colonization. In order to take a comprehensive approach to the identification of genes involved in biofilm formation by S. pneumoniae, we generated a large number of transposon insertion strains and screened them for biofilm formation in vitro. This led to the identification of 69 biofilm mutants. Mutations in genes encoding bona fide and putative adhesins and choline binding proteins, pili, synthases of membrane and cell wall components, extracellular and cell wall proteases, efflux pumps, ABC and PTS transporters, and transcriptional regulators, as well as several conserved proteins of unknown function, were isolated. When we systematically evaluated a subset of these mutants for their ability to colonize the mammalian host by using a mouse model of nasopharyngeal colonization, a striking correlation between biofilm defects in vitro and colonization in vivo was found.
MATERIALS AND METHODS
Bacterial growth conditions. S. pneumoniae was routinely grown in ToddHewitt (BD) yeast extract (Fisher) (THY) broth supplemented with Oxyrase (5 l/ml) by incubation at 37°C in a 5% CO 2 incubator. The following antibiotic concentrations were used: chloramphenicol at 4 g/ml, streptomycin (Sm) at 100 g/ml, and spectinomycin (Spc) at 200 g/ml. For biofilm growth, CϩY medium (59) and THY with or without 0.3% glucose were used. Growth on plates was done with tryptic soy agar (TSA) (B1676; Sigma)-5% sheep blood plates.
Bacterial strains, plasmids, and DNA manipulations. Strains of serotypes 1, 2, 3, 4, 5, 6A, 8, 9V, 14, 15, 19F, and 23F were from our laboratory's strain collection. The transposon mutant library used for the first biofilm screen in vitro (encapsulated strain) consisted of a collection of circa 6,000 mariner transposon (Magellan 2, chloramphenicol-resistant) insertion mutants generated from strain AC353, described previously (37) . Strain AC353 is an Sm-resistant encapsulated derivative of TIGR4, a serotype 4 clinical isolate (strain AC316). The second screen was carried out with an acapsular mutant from the AC353 strain background (gift of Ram Iyer). An additional Sm-resistant strain into which isolated transposon insertions were transferred was constructed in AC316 by incorporating a point mutation in residue 56 of the RpsL S12 protein (SP0271) (74) . In vitro Magellan 5 transposon (also known as pR412 or pEMSPC) transposition reactions were carried out with purified MarC9 transposase essentially as described previously (37) . DNA products obtained from transposition reactions were transformed into naturally competent acapsular S. pneumoniae (AC353), and transformants were selected in the presence of Spc after incubation in a CO 2 incubator at 37°C overnight. All standard DNA manipulations were carried out according to established protocols.
Complementation of biofilm mutants. All PCR amplifications were carried out using AC353 genomic DNA. For complementation studies, plasmid pLE1CATLE2 was constructed on the backbone of pAC1294, a shuttle vector that carries the Spc resistance cassette in place of the chloramphenicol (cat) cassette in PAC1000 (37) . In pLE1CATLE2, LE1 and LE2 correspond to fragments of about 800 bp identical to regions upstream and downstream, respectively, of the lacE PTS operon (SP0474 to SP0478), which target the construct to this region of the chromosome (lacE is dispensable for normal growth of S. pneumoniae and has been used for mutant complementation in the past [43] ). The CAT cassette (upstream promoter region and open reading frame [ORF] without a transcriptional terminator) is cloned downstream of LE1 and a multiple cloning site (XmaI, MluI, HindII, SpHI, and SacII) into which the gene of interest can be cloned for expression driven from the cat promoter. pLE1CATLE2 was constructed as follows. The lacE 3Ј region (fragment LE2, 747 bp) was amplified using primers LE2F(H3SphISac2) and LE2R(XhoI). This amplicon was digested with HindIII and XhoI and cloned into pAC1294, which had previously been digested with the corresponding enzymes, thus resulting in pLE2AC1294. The lacE 5Ј region (fragment LE1, 786 bp) was amplified with primers LE1F(AatII) and LE1R(cat); LE1R(cat) had a 10-bp overlap with the 5Ј end of a cat cassette. A cat cassette fragment of 886 bp was amplified from pAC1000 using primers catF(LE1) and catR(XmaIMluIH3), where catF(LE1) had 10 bp of homology with the 3Ј end of the LE1 fragment. The LE1 fragment and cat cassette fragments were joined using splicing by overlapping extension and primers LE1F(AatII) and catR(XmaIMluIH3), yielding a 1,660-bp product, which was digested with AatII and HindIII and cloned into pLE2AC1294, which had been digested with the same enzymes.
For complementation of 9F2 (SP0199), rrgA (60F5, SP0462), 3F2 (SP1537), and 22A (SP2192) mutants, the corresponding ORFs were amplified by PCR using primer pairs C9H2F/C9H2R, C60F5F/C60F5R, C3F2F/C3F2R, and C22A4F/C22AR, respectively. The amplicons were digested with XmaI/SphI and cloned into a similarly digested pLE1CATLE2. Each mutant was transformed with the corresponding complementation construct, and transformants were selected by plating on plates containing chloramphenicol. Four to eight clones were grown and tested for their ability to form biofilms compared with the abilities of the wild-type and mutant parental strains. Primers used are listed in Table S1 in the supplemental material.
For complementation of srtA, plasmid pLE1SPCLE2, in which the SPC cassette drives the expression of the downstream gene, was constructed as described above but using the backbone of pAC1000 (37) , which carries a chloramphenical resistance cassette. The wild-type copy of srtA was amplified using primers CsrtAF1 and CsrtAR1.
In vitro screening for biofilm formation. In each round of screening, 320 Spc-resistant clones obtained after mariner in vitro transposition and transformation were picked and inoculated individually into wells of 96-well polystyrene plates (Costar 3596; Corning, Inc., NY) containing 200 l of THY, 0.3% glucose, Sm, and Oxyrase (Oxyrase, Inc.). After 4 h of growth, each plate was replica plated onto a square TSA-5% sheep blood agar plate. The acapsular wild-type parental strain was spotted on each plate as a control, and the plate was incubated for ϳ18 h in a CO 2 incubator at 37°C. Each plate was then replica plated (in triplicate) onto 96-well plates containing 200 l of THY, 0.3% glucose, Sm, and Oxyrase per well, and these were incubated in a CO 2 incubator at 37°C and evaluated for biofilm formation 14 to 16 h later.
For quantitation of CFU in biofilms, bacteria were grown in 12-well polystyrene plates (Costar 3513; Corning, Inc., NY) as described above for 96-well plates. At the desired time, the supernatants were removed by pipetting and the attached bacteria were washed five times by gentle squirting of sterile phosphatebuffered saline (PBS). One milliliter of sterile PBS was added per well, and the attached bacteria were lifted using a cell lifter (Costar 3008; Corning, Inc., NY) and then collected by pipetting, followed by vigorous vortexing for 30 s, serial dilution, and plating for CFU.
Direct sequencing of transposon/genomic junctions. In order to identify the location of the mariner transposon insertions, highly concentrated genomic DNA was prepared from the mutants harboring the transposon insertions by following the DNA easy kit (Qiagen) protocol, with slight modifications. Bacterial cultures (5 ml) were grown to saturation (6 to 8 h), pelleted by centrifugation at 4,000 ϫ g for 10 min, and resuspended in the kit's tissue lysis buffer. From this point on, the protocol was followed according to the manufacturer's recommendations except that the samples were bead beaten in a BeatBeater (BioSpec Products, Inc.) with 0.1-mm zirconia beads for 2 min prior to passage through the kit's columns. Genomic DNA at a concentration of ϳ500 ng/l was sent for sequencing along with primer Mag2F3 (5Ј-GGAATCATTTGAAGGTTGGTA-3Ј), which reads out from the mariner transposon (Magellan 2 or Magellan 5). Direct sequence reads of ϳ500 to 800 bp were obtained by the Tufts University Core Sequencing Facility. The location of the transposon insertions as well as the direction relative to the closest ORF was determined by comparing the obtained sequences with the TIGR4 genome sequence using BLAST. The predicted protein sequence of each disrupted ORF was used to search the nonredundant NCBI protein database by PSI-BLAST for homology/function prediction and was analyzed by SMART BLAST (51) .
Animal infections. In vitro competitions were carried out for each mutant strain as follows. Mutant and wild-type parental strains were grown separately to early log phase and then diluted 200-fold into prewarmed THY, 0.3% glucose, Sm, and Oxyrase and grown to late log phase (ϳ5 h), serially diluted, and differentially plated on TSA-5% blood agar plates containing either Sm or Spc to determine the numbers of mutant and wild-type parental strains at the end of the In all animal infections, 6-to 10-week-old female C57BL/6 mice (Taconic Labs) were used. Mice were housed according to Tufts University Department of Lab Animal Medicine guidelines and given access to food and water ad libitum. Mutants tested in competition experiments for colonization were first backcrossed into a wild-type Sm-resistant strain. For each competition, mutant and parental strains were grown overnight on TSA-5% blood agar plates, inoculated into THY broth, and allowed to reach mid-log phase (ϳ1 ϫ 10 8 CFU/ml) before 1-ml aliquots were centrifuged (2,500 ϫ g, 5 min), washed once in prewarmed PBS, pH 7.4 (Gibco), and resuspended in 100 l of prewarmed PBS. Mutant and wild-type bacteria were mixed 1:1, and 10 l of the mixture (ϳ1 ϫ 10 7 CFU) was inoculated into the nares of mice that had been lightly anesthetized by isoflurane/ oxygen inhalation (5 l per nostril; five mice per mutant tested). Mice were sacrificed by CO 2 asphyxiation 5 days later. Bacteria colonizing the nasopharynx were recovered by washing the nasopharynx through the trachea with 1 ml of sterile PBS and plating serial dilutions onto TSA-5% blood agar plates basically as described previously (37) . The ratio of the numbers of mutant to wild-type bacteria after colonization from each animal (in vivo CI) was determined as for the in vitro CI.
Statistics. Nonpaired Student t tests and nonparametrical Mann-Whitney tests were carried out using GraphPad Prism Graph (GraphPad Software, Inc.).
RESULTS
In vitro biofilm model used for the screen. In order to set up the conditions to carry out a genetic screen for the identification of genes contributing to biofilm formation by S. pneumoniae, we began by assaying the ability of S. pneumoniae to form biofilms on microtiter polystyrene plates, as described originally for Pseudomonas fluorescens (68) and more recently for S. pneumoniae (59, 65) . In preliminary experiments, we observed biofilm formation in either defined CϩY medium (59) or THY medium (4, 65) by using crystal violet (CV) staining from 8 to 16 h postinoculation of 5 ϫ 10 5 CFU/ml in 96-well plates (not shown). We next evaluated an array of S. pneumoniae serotypes for biofilm formation ( Fig. 1 ) and found that strains from different serotypes varied in their levels of biofilm formation; furthermore, we observed that acapsular strains made more biofilm than encapsulated strains (see serotypes 2 and 4 in Fig. 1 ), a difference that became accentuated when the medium was supplemented with 0.3% glucose, especially for serotype 4 strain TIGR4 (Fig. 1A versus B) . We next looked at the kinetics of S. pneumoniae TIGR4 sessile growth in more detail by determining the number of CFU attached to the bottom of polystyrene wells over time and by staining with CV. In 12-well plates seeded with 5 ϫ 10 5 CFU/ml, bacteria began to attach at around 4 h postinoculation, accumulation continued over the next few hours, and the maximum number of attached cells was seen at ϳ8 to 10 h (Fig. 2B ). This was in contrast to planktonic growth, where the number of bacteria reached a maximum by 6 h ( Fig. 2A) . CV staining began to be detected at 6 h, increased over the next 4 h, and then dropped slightly between 12 and 16 h (ϳ2-fold drop); when the assays were done with 96-well plates, the CV staining remained constant from 12 to 16 h. We have observed that the washing of the attached biofilm in the larger wells of the 12-well plates tends to be more disruptive than in the smaller wells of the 96-well plate. In contrast, the CFU did not change significantly between 8 and 10 h ( 
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16 h (limit of detection, 20 CFU/ml). After 18 h, a sharp decline in the overall attached material was seen (not shown).
At this point, we do not know whether the bacteria in the biofilm at 14 and 16 h are viable but unable to form CFU on a plate or are no longer viable, but similar in vitro studies by Moscoso and colleagues (59) indicate that, although prolonged incubation results in increased numbers of dead cells, a considerable proportion of the bacteria in the biofilm are still viable. As reported previously (59), we observed that the biofilm was severely impaired by treatment with proteinase K before or after biofilm formation (no effect on planktonic growth), although no effect of DNase I treatment was detected (not shown). Isolation of biofilm mutants in an S. pneumoniae TIGR4 background. Having established conditions that were amenable to a biofilm mutant screen in vitro, we set out to screen a collection of transposon insertion S. pneumoniae mutants previously described (37) for attachment to polystyrene in 96-well plates. Similar screens have been conducted successfully with P. fluorescens (68) , Vibrio cholerae (83), S. gordonii (52) , and Klebsiella pneumoniae (49) . In an initial screen, 6,000 individual mutants that had been kept at Ϫ80°C in 96-well plates were replica plated onto fresh TSA-5% sheep blood agar plates and then inoculated in triplicate into 96-well plates containing THY plus 0.3% glucose and incubated in a 5% CO 2 incubator at 37°C for 14 to 16 h. Wells were then washed three times with PBS and stained with CV for 30 min, and the attached material was solubilized with 95% ethanol for 2 h prior to determination of the absorbance at 570 nm. The results from triplicate wells were averaged, and mutants which were 30% different from the wild type were analyzed further.
Commonly, transposon insertion sites from desired mutants are identified by restriction digest and subcloning of genomic DNA or by PCR using a transposon-specific randomized primer, followed by sequencing. Both methods are time-consuming and labor-intensive. Instead, we used a modified protocol for S. pneumoniae DNA preparation to obtain high concentrations of genomic DNA (see Materials and Methods) and determined the locations of the insertions by direct sequencing of the transposon-genome junctions in the isolated genomic DNA from each mutant using a primer that read out of the transposon. As shown in Fig. 3 , seven mutants were isolated in this initial screen. Two of these mutants were poor biofilm formers and had independent insertions in lytC (SP1593) (Fig.  3A) , a gene encoding one of the three murein hydrolases in S. pneumoniae (60) , and 99G7 were all hyperbiofilm formers and had insertions mapping to cps4E (SP0350) of the capsule locus. The total biofilm attached was estimated by staining with CV and measuring the absorbance at 570 nm (OD570). Bacteria were grown in 96-well polystyrene plates in THY plus 0.3% glucose in a 5% CO 2 incubator at 37°C. Results are representative of three experiments. Error bars show standard deviations. WT, wild type. lytB in biofilm formation by unencapsulated S. pneumoniae (59) . The other five mutants were hyperbiofilm formers, and their transposon insertions were all mapped to different locations within cps4E (SP0350) (Fig. 3B) , a gene in the capsule locus that encodes a glycosyl-phosphotransferase that transfers glucose-1-phosphate units to the growing undecaprenyl phosphate glycolipid (17) ; incidentally, cps4E is one of the few genes in the serotype 4 capsule locus that can be disrupted without compromising bacterial viability (37, 90) , which might explain why it was the only gene hit in the 15-kb capsule locus in our screen. All of the cps4E mutants isolated were acapsular, as determined by the Quellung reaction using an antibody against the serotype 4 capsule polysaccharide (not shown).
Influence of the capsular polysaccharide on biofilm formation. Initially, we had surmised that the polysaccharide capsule of S. pneumoniae would contribute to biofilm formation, as has been reported for the hyaluronic acid capsule of S. pyogenes (19) . Although Oggioni et al. (65) reported no role for the capsule in biofilm formation, in agreement with Moscoso et al. (59) we found that the capsule reduced the level of biofilm formation in S. pneumoniae serotypes 2 and 4 ( Fig. 1) . This observation, together with the fact that screening of 6,000 mutants resulted in the isolation of insertions in only two genes (lytC and cps4E), an unexpectedly low number, and that mutations in cps4E resulted in increased biofilm formation, led us to hypothesize that the presence of the capsule and the consequent reduction in biofilm formation could have masked differences in biofilm phenotypes in our screen. To evaluate this possibility, we compared the in vitro biofilm-forming abilities of a cbpA mutant and a srtA mutant to that of the wild type in both encapsulated and acapsular backgrounds (Fig. 4) . CbpA is a well-described choline binding surface protein known to contribute to S. pneumoniae adherence to epithelial cells and colonization in the infant rat model (73) that was recently shown to contribute to biofilm formation in S. pneumoniae (59) . srtA encodes a housekeeping sortase which mediates the covalent surface attachment of up to 23 proteins containing an LPXTG anchoring motif in S. pneumoniae (81) . S. pneumoniae srtA mutants are defective in attachment to epithelial cells and in the mouse and chinchilla models of colonization (18, 46, 71) . Recently, an S. gordonii srtA mutant was reported to be defective in biofilm formation (64) . Thus, we expected S. pneumoniae cbpA and srtA mutants to have biofilm defects in our polystyrene in vitro assay, making them good candidates to determine whether the capsule could mask biofilm phenotypes under our assay conditions. As can be seen in Fig. 4 , cpbA and srtA mutants in the encapsulated background showed levels of biofilm formation comparable to that of the parental wild-type strain. However, when the same mutations were transferred to a capsule-deficient background, both mutations resulted in reduced biofilms (Fig. 4A, D , and F). Both cbpA and srtA mutants grew similarly to the wild type regardless of the presence (not shown) or absence (Fig. 4B ) of capsule during planktonic conditions. These observations lend support to the notion that the capsule might have hindered our ability to identify biofilm mutants in our initial screen. Identification of biofilm mutants in an acapsular TIGR4 strain background. We thus decided to carry out a second in vitro biofilm screen with an acapsular TIGR4 strain. To this end, a total of 6,500 mutants were generated by in vitro transposition using the mariner-derived minitransposon Magellan 5 (37), as described previously (3, 48) . Following transformation of the Magellan 5 mutagenized genomic DNA into an acapsular S. pneumoniae TIGR4 strain, groups of transformants were tested for biofilm formation as described above. Mutants that had no apparent planktonic growth defects, as determined by optical density after 14 h of static growth in a 5% CO 2 incubator at 37°C, but that differed from the wild type by at least 30% in biofilm formation by the CV assay were grown individually and stored for further study. A total of 80 mutants were isolated, and after retesting, 11 were discarded as false positives. The sequences of the transposon-genome junctions for the remaining 69 mutants were determined as described above and were used to find the exact location and direction of the transposon insertions by comparison against the TIGR4 genome sequence. Table 1 lists these 69 mutants, which have insertions in 42 different genes and eight promoters, along with the position of the mariner transposon insertion, the mean values of biofilm formation percentages relative to that of the wild type, and the functional information for each gene based on the TIGR4 genome annotation and BLAST analysis (PSI-BLAST) of each predicted protein.
Biofilm bacteria differ from their planktonic counterparts in many respects and rely on multiple genetic systems to accomplish the physical and physiological adaptations required for sessile growth (21, 29, 67) . As anticipated, the collection of mutants obtained contained genes belonging to multiple genetic systems (Table 1) . One prominent class of insertions comprised genes that are known to or are predicted to encode cell surface proteins, such as the cell wall choline binding proteins. Mutants 26H4 and 27C9 had insertions in cbpA (SP2190), which was recently shown to contribute to biofilm growth (Fig. 4) (59) , while 31G5 and 70E2 had insertions in cbpF (SP0391), an abundant protein attached noncovalently to the bacterial cell wall that contributes to colonization of the rat nasopharynx (31). 1C7 and 73C8 had insertions 5Ј of SP1772, which encodes a putative LPTXG cell wall protein, potentially affecting its expression. Mutant 30E4 had an insertion in SP1492, predicted to encode another cell wall surface protein.
6A3 and 45A8 had insertions in nanB (SP1687), encoding a cell surface neuraminidase, one of several glycosidases which is thought to modify host glycoconjugates (such as sialic acids) affecting both attachment and availability of carbon sources in vivo and whose function seems to overlap partially with that of neuraminidase A (14, 54, 92) ; parenthetically, both nanA and nanB are transcriptionally induced during biofilm growth (65) . Another group of mutants had insertions in genes involved in the biosynthesis and degradation of peptidoglycan, including 40F1, which had an insertion in fibA (SP0615), predicted to encode a betalactam resistance factor, and 20H6 and 61A1, which had insertions affecting murE (SP1531) and murB (SP1390), respectively, both predicted to encode proteins catalyzing intracellular steps of peptidoglycan modification. Another group of mutants (9H2 and two others [not shown]) had insertions in SP0199, which encodes a putative cardiolipin synthase. An increase in cardiolipin content is an adaptation to stationary phase in Escherichia coli and might also contribute to survival in high osmolality (72) . Several of the mutants isolated had mutations in genes encoding putative membrane proteins involved in transport of peptides and sugars. These included 4B9 and 37C3, which had insertions in aliB (SP1527), encoding a putative oligopeptide transporter previously shown to contribute to nasopharyngeal colonization (45); 61H10 (SP1682), encoding a putative sugar ABC transporter/permease; and 63A5 (SP0137), encoding the ATP-binding unit of another predicted ABC transporter. Mutants 9F3 and 62G9 had insertions affecting the function of a putative MATE efflux family protein; efflux pumps have been suggested to contribute to antibiotic resistance in biofilms (24) . Another class of mutants comprised genes related to stress responses and protein folding and stabilization, including ATP-dependent proteases of the Clp family. 1E9 had an insertion in the promoter of clpP (SP746), which encodes the proteolytic subunit of an ATP-dependent Clp protease, while 32F5 and 75H4 had insertions potentially affecting clpX (SP1569) and clpC (SP1294), respectively, both of which encode ATPbinding subunits of the ATP-dependent Clp protease. Clp proteases have been studied in the context of S. pneumoniae resistance to stress and virulence, and their contribution seems to be serotype dependent. ClpC is required for the release of autolysin A and pneumolysin in serotype 2 (strain D39), while ClpP is required for thermotolerance and virulence in invasive disease in both serotype 2 and serotype 4 (41). Interestingly, Clp proteases have recently been shown to contribute to biofilm formation and intracellular invasion by Porphyromonas gingivalis (16) . Mutant 3F2 had an insertion in SP1537, which encodes a putative general stress protein, while 6H6 (SP1538) was found to encode a Cof family protein/peptidyl-prolyl cis-trans isomerase. Mutant 29D8 had an insertion in SP0979, which encodes one of two putative oligoendopeptidases F found in the S. pneumoniae genome. Mutations in signal transduction systems included an insertion in SP2192 (22A4) and another in ciaH (SP0799), both of which encode the sensor histidine kinase partner of two different twocomponent systems (70); ciaH's partner, ciaR, was recently shown to be upregulated during biofilm growth (65) . Two insertions in transcriptional regulators were also isolated: 12H7 had an insertion in SP2131, predicted to encode a transcriptional regulator of the BglG family and likely in an operon with a PTS transport system, while 67F4 had an insertion in lacR2 (SP1182), a putative transcriptional repressor. Of note, these two mutants were hyperbiofilm formers. Two mutants isolated, 69H1 (aroK, SP1370) and 29D5 (SP1745), had insertions in genes predicted to encode components of the shikimate pathway for synthesis of isochorismate, a precursor of aromatic amino acids and secondary metabolites. In E. coli, the two-component Cpx system modulates expression of shikimate pathway genes in response to a variety of stresses, including membrane protein damage, starvation, and high osmolarity (25) , and has been postulated to be involved in biofilm growth (27) . Finally, a number of insertions isolated were in genes predicted to encode hypothetical and conserved proteins of unknown function (Table 1) .
The mutants listed in Table 1 were isolated by screening for differences in CV staining at 14 to 16 h postinoculation. We next evaluated a number of the mutants by CV staining and plating for CFU at an early time point (8 h). We generally found a good agreement between the level of biofilm detected by CV staining and CFU (not shown). However, we also ob- served that several mutants, including 6A3, 9F3, 37C3, 61D9, 61H6, 61H10, 69B2, and 69H1, had no defects at this early point in biofilm formation. Thus, these genes are apparently dispensable for initial attachment but are required for maintenance of the biofilm structure after prolonged incubation.
Identification of pilus protein RrgA as an adhesin involved in biofilm formation. The rlrA islet, initially identified in a signature-tagged mutagenesis screen and reported to be required for lung and nasopharyngeal colonization (8, 37) , encodes a pilus composed of a major structural subunit encoded by rrgB and two additional accessory subunits encoded by rrgA and rrgC (8, 50) . We isolated seven mutants representing six unique insertions in this islet. Mutants 12A8, 32C8, 44B9, and 60F5 had insertions in rrgA, 70B2 had an insertion in rlrA, and 23G8 and 39A4 had identical insertions 194 bp 5Ј of the transcriptional start of rrgA. The last two identical insertions likely affect transcription of rrgA and/or the divergently transcribed rlrA, the positive transcriptional regulator of the pilus-encoding genes (38) . Intriguingly, no insertions in rrgB (the main pilus subunit), rrgC, or any of three putative sortases were obtained, prompting us to test the idea that the RrgA subunit but not the pilus structure per se may play a role in biofilm formation. We first confirmed the difference in biofilm formation between the rrgA mutant and the wild type by CV staining and CFU determination. As expected, a difference was discernible only when acapsular strains were compared, and this difference was most noticeable by CV staining (Fig. 5) . In contrast, no differences in biofilm were found between the rrgB or rrgC mutant and the wild type in the encapsulated background (not shown) or the acapsular background (Fig. 5D) . Thus, it seems that surface expression of RrgA either within the context of a pilus or on the surface itself in the absence of (8) is sufficient to affect biofilm formation. Interestingly, it has recently been reported that RrgA functions as an adhesin during S. pneumoniae interaction with epithelial cells ex vivo independently of RrgB (62) . In vivo, RrgA is likely to bind a host molecule(s), the nature of which remains to be defined. However, it is also possible that RrgA acts as a selfrecognition adhesin, similarly to antigen 43 in E. coli (75) . In the pilus, RrgA is found in clusters along the main shaft (50) , and this positioning could facilitate interaction between pili from the same bacterium or adjacent bacteria. In the absence of the pilus, RrgA could mediate self-recognition because it is still found on the surface (8), possibly explaining why an RrgB mutant, which lacks the main pilus subunit, still forms wildtype biofilm levels. Similarly to our observations regarding RrgA and capsule expression in S. pneumoniae, in E. coli, the capsule shields the function of the self-recognition adhesin antigen 43, an adhesin that contributes to self-aggregation and biofilm formation in this gram-negative organism (75) .
Complementation of biofilm mutants. The possibility that some of the phenotypes observed are due not to the transposon insertion(s) identified but instead to some unlinked unidentified secondary mutation exists. Ruling out this possibility awaits construction of individual deletion mutants and/or their complementation. We have begun such studies by engineering a construct in which the gene of interest with its ribosomal binding site is cloned downstream of a chloramphenicol (or Spc, for complementation of the srtA mutant) resistance marker, which has its own promoter and drives expression of the antibiotic resistance gene and the gene downstream of it. The construct is integrated into the chromosome (see Materials and Methods). Using this strategy, we were able to complement the 9H2, 22A4 (partially), 60F5, and srtA mutants but failed to complement the 3F2 mutant (Fig. 5E) .
Analysis of biofilm mutants in the mouse model of nasopharyngeal colonization. Our working hypothesis was that, during colonization, S. pneumoniae exists primarily in a biofilm-like state and that genes important for biofilm formation would play roles in colonization. In support of this idea, several of the mutants isolated in our biofilm screen (Table 1) had insertions in genes previously implicated in colonization, e.g., aliB, cbpA, rlrA, rrgA, and ciaH (39, 44) . To examine this hypothesis further, we tested a subset of the biofilm mutants listed in Table  1 (only mutants with in vitro CI values between 0.5 and 1.5 were considered) for their ability to colonize the mammalian nasopharynx in competition with the wild-type strain by using the mouse model of colonization (89) . All of the mutants isolated in this screen were in the acapsular background, and it is well established that S. pneumoniae requires at least some level of capsule expression for colonization (53) . Therefore, before testing the biofilm mutants in vivo, we backcrossed the mutations into an encapsulated strain. As expected, when these biofilm mutants in the encapsulated background were tested for biofilm formation in vitro, they were not significantly different from the wild type (not shown). Nonetheless, when tested for colonization of the nasopharynx, a total of 23 out of 29 mutants tested were defective in colonization (Fig. 6) ; 11 had mean CI values of Յ0.1 and were classified as highly deficient for colonization (Fig. 6A) , 12 had mean CI values between 0.1 and 0.3 and were considered colonization deficient, and 6 had mean CI values of Ն0.4 and were considered fit. For each mutant, the in vivo CI values were compared to the CI values obtained during planktonic growth competitions, and the differences were analyzed for statistical significance using a nonparametrical Mann-Whitney test. All differences were significant (P Ͻ 0.05) except in the case of mutant 63A5, which had an apparent bimodal distribution of CI values (Fig. 6B) .
Mutations leading to biofilm defects in a serotype 2 background. Natural immunity to S. pneumoniae seems to be nonserotype specific, as suggested by the fact that children become less susceptible to colonization by all serotypes as they age (44) . Thus, identifying proteins important for colonization FIG. 6 . Biofilm mutants are severely compromised in their ability to colonize the mouse nasopharynx. A set of 29 biofilm mutants isolated in vitro were tested for their ability to colonize the mouse nasopharynx. These fell into three categories of colonization fitness: (A) highly deficient, (B) deficient, or (C) competent. Mutant and wild-type bacteria were grown to mid-log phase, washed in PBS, mixed 1:1, and then inoculated into the nares of C57BL/6 mice (1 ϫ 10 7 CFU/mouse, 5 l/nostril). Mice were sacrificed 5 days later, and bacterial counts in their nasopharyngeal lavage fluids were determined by plating for CFU. CI values were calculated by dividing the numbers of CFU for the mutant by those for the wild type. The median for each group is shown by the horizontal bar. In vivo CI values were significantly different from in vitro CI values (P Յ 0.005). (66, 88) . Therefore, we sought to extend the observations made for the serotype 4 TIGR4 strain to a different serotype. We transferred a subset of mutations from strain TIGR4 into strain Rx1, an acapsular serotype 2 strain, and compared the insertion mutants to the parental strain for biofilm formation. In all cases, the mutants had lower levels of biofilm than did the parental strain (Fig.  7A) , albeit the differences were not as marked as those seen between mutants with mutations in the same genes and the wild type in the TIGR4 strain background. One insertion, that in cls (SP0199), which encodes a putative cardiolipin synthase and which was repeatedly isolated in the screen with the acapsular TIGR4 strain, was also transferred into an encapsulated serotype 2 strain (D39). Similarly to TIGR4 (Fig. 6B) , the ability of a cardiolipin synthase mutant in serotype 2 to colonize the mouse nasopharynx was compromised (Fig. 7B ).
DISCUSSION
Genetic and molecular studies of S. pneumoniae in vitro have utilized primarily axenic planktonic cultures. Accumulating evidence suggests that the ability to form biofilms is important for host infection by several clinically relevant bacteria, including E. coli (6) , P. aeruginosa (30, 91) , Bordetella species (42, 78) , H. influenzae (34, 40) , several Streptococcus species (22) , and possibly S. pneumoniae (65) . We hypothesized that S. pneumoniae adopted a biofilm-like mode of growth as a strategy for persistence during colonization. If sessile growth indeed reflected conditions during colonization more accurately than planktonic growth, some of the genes required for biofilm formation in vitro could also play a role in colonization in vivo.
To address this question in a straightforward and unbiased manner, we screened two transposon libraries for defects in biofilm formation in vitro. This led to the identification of a set of 69 mutants involved in S. pneumoniae biofilm formation in vitro. Remarkably, a large percentage of the implicated genes were also shown to represent novel nasopharyngeal colonization factors.
The structure and physiology of bacterial biofilms vary widely in different species and environments. Typically, biofilms have extracellular matrices consisting of polysaccharides, proteins, membrane vesicles, and DNA (11, 76) . Many different serotypes of S. pneumoniae are capable of producing biofilms in vitro in both flow cell and static culture conditions (13, 26, 82) , but little is known about their composition or structure. Moscoso et al. (59) reported that S. pneumoniae biofilms are susceptible to proteinase K and DNase I treatment, and we obtained similar results with proteinase K treatment, indicating that proteins are important components of S. pneumoniae biofilms. However, in contrast to the results of Moscoso and colleagues (59), we found that DNase treatment did not significantly affect biofilm formation in vitro. There are currently a few variations of S. pneumoniae in vitro biofilm models. At present, it is not known which of these models will turn out to be the most useful to study pneumococcal factors related to colonization and virulence. The lack of DNase sensitivity observed in our study suggests that DNA is not likely to be an essential constituent of the biofilms formed under our experimental conditions. Thus, a limitation of our screen is that it did not allow the identification of factors that contribute to this aspect of biofilm formation in vitro. Interestingly, biofilm formation by S. pneumoniae serotype 3 in vitro results in the enrichment of acapsular phase variants (5, 82) , which express less than 10% of wild-type capsule levels (57) . Thus, the capsule polysaccharide may not constitute an important component of the S. pneumoniae biofilm. Indeed, our findings reported here suggest that biofilm formation is enhanced by the absence of the capsule.
In the present study, we began investigating the molecular mechanisms required for biofilm formation in vitro by conducting a genetic screen for biofilm mutants in an encapsulated serotype 4 TIGR4 strain background. Unexpectedly, despite near-saturating mutagenesis, we obtained transposon insertions in only two genes: lytC and cps4E. In similar screens with other microorganisms, a much larger number of genes was implicated in biofilm formation (49, 52, 68) . This discrepancy, together with the observation that the cps4E mutants, all of which were acapsular, made more biofilm than the wild type, led us to suggest that the capsule might have prevented detection of mutants with biofilm defects. Indeed, the finding that we could uncover biofilm defects for only cbpA and srtA mutants in the acapsular background seemed to confirm this suspicion. One explanation for this could be that the low levels of biofilm made in the encapsulated background simply made it difficult to detect relatively small differences in biofilm formation between the mutants and the wild type. Alternatively, capsule expression could be epistatic to genes involved in biofilm formation, a distinct possibility that merits further investigation. The regulation of capsule expression in S. pneumoniae is poorly understood, but it seems to be affected by the envi- FIG. 7 . Biofilm mutants in an S. pneumoniae serotype 2 strain background. (A) The mutations in several biofilm mutants isolated from the serotype 4 (TIGR4 strain) screen were transferred into an acapsular serotype 2 strain (Rx1), and the resulting mutants were tested for their ability to form a biofilm in vitro on polystyrene plates. The experiment was done three times. Error bars show standard deviations. WT, wild type; OD570, absorbance at 570 nm. (B) The cls (SP0199) mutant was also generated from an encapsulated serotype 2 strain (D39) and tested for its ability to colonize the mouse nasopharynx. Mutant and wild-type bacteria were grown to mid-log phase, washed in PBS, mixed 1:1, and then inoculated into the nares of C57BL/6 mice (1 ϫ 10 7 CFU/mouse, 5 l/nostril). Mice were sacrificed 5 days later, and bacterial counts in their nasopharyngeal lavage fluids were determined by plating for CFU. CI values were calculated by dividing the numbers of CFU for the mutant by those for the wild type. The median is shown by the horizontal bar. The experiment was done once. (35, 47, 77, 86) and controlled at both the transcriptional and posttranscriptional levels (57, 63, 90) . We thus decided to perform a second screen, this time using an acapsular serotype 4 TIGR4 strain. This new screen resulted in the isolation of 69 biofilm-altered mutants with insertions in genes belonging to multiple genetic systems. Although this screen allowed the identification of a number of candidate genes implicated in biofilm formation, given that the mutants have not been reconstructed and that several of them represent a single transposon insertion, we cannot rule out the possibility that secondary unlinked mutations are responsible for the observed phenotypes. However, the fact that we successfully complemented three out of four biofilm mutants suggests that at least some of the phenotypes can be attributed to the transposon insertions isolated in the screen.
In support of a plausible link between biofilm formation and colonization, several of the mutants isolated had insertions in genes already known to play roles in colonization, including aliB (45) , cbpA (73) , and rlrA or rrgA (37, 62) . Since all of the mutants isolated in the second screen were in the acapsular background and the capsule is required for colonization (53), we backcrossed all of the mutations into a wild-type encapsulated strain before testing them for colonization. Although the capsule, S. pneumoniae's quintessential virulence factor, has been studied extensively during invasive disease (2, 36) , little is known about its role during colonization. Recent work by Nelson and colleagues (63) suggests that one of its functions is to help S. pneumoniae evade entrapment by the mucus covering the mucosa, allowing bacteria to reach the underlying epithelial layer, where it is thought stable colonization can take place. Interestingly, it seems that once the bacteria cross the mucus layer, the capsule contributes less to the ability of S. pneumoniae to persist. Moreover, clinical isolates from the nasopharynx often express low levels of capsule compared to those of wild-type laboratory strains (53) , and isolates from otitis media patients have even lower levels of capsule expression (57) . In addition, it has long been known that acapsular strains of S. pneumoniae or low-capsule-expressing variants adhere to epithelial layers much more efficiently than wild-type isogenic strains (77) and that colonization of the nasopharynx favors S. pneumoniae transparent variants which express lower capsule levels than their opaque counterparts (47, 85) . Recent direct observation of S. pneumoniae in contact with epithelial monolayers ex vivo and in vivo indicates that S. pneumoniae that comes in contact with host cells and/or is internalized by them expresses no capsule or very low levels of capsule (35) . Interestingly, downmodulation of encapsulation in order to facilitate colonization has been proposed for H. influenzae type b, another frequent cocolonizer of the nasopharynx (80) . Reflecting on these data, we reasoned that even though transferring the biofilm mutations into the wild-type encapsulated background would likely result in no detectable biofilm defects in vitro (as indeed proved to be the case for all mutants tested), downregulation of the capsule after the bacteria crossed the mucus layer and began colonizing the nasopharyngeal epithelial layer would allow expressivity of the biofilm phenotypes. Indeed, of the 29 mutants we selected for testing in vivo, 80% were found to be defective in the mouse model of colonization.
Preliminary assays indicate that the rrgA mutant is only barely defective for adherence to D562 and A549 epithelial cell lines in the encapsulated background but markedly defective in the acapsular background (not shown). Similarly, cbpA and srtA mutants show deficiencies in adherence to epithelial cell lines only in the acapsular background (46, 71, 73) . Interestingly, for S. pyogenes, pili could be shown to mediate adherence to host cells only in primary epithelial cells but not in HEp-2 or A549 cell lines, highlighting important limitations of ex vivo studies using immortalized cell lines (1) . In future studies, we plan to evaluate the adherence properties of some of the biofilm mutants to human cells by using primary nasopharyngeal cells.
Obligate pathogens have to cause disease in their hosts in order to be transmitted successfully to a new host. Thus, in addition to fitness factors, i.e., those required for the pathogen's survival and growth in vivo, obligate pathogens have virulence factors, i.e., disease-causing factors. In these pathogens, both classes of factors are under selective pressure. In contrast, commensal organisms, which do not harm their hosts as part of their life cycles, lack virulence factors per se. S. pneumoniae is a commensal that often colonizes the oronasopharynx of a large percentage of healthy individuals asymptomatically, only occasionally causing disease. Traditionally, when searching for novel drug and vaccine targets in microorganisms, researchers have focused on virulence factors (37, 44) . However, some of S. pneumoniae's so-called virulence factors whose maintenance is not under strong selective pressure, i.e., those factors that are not required for colonization, can be lost or rapidly modified by S. pneumoniae, a bacterium with remarkable genetic plasticity (20) . Thus, in the case of a commensal colonizer such as S. pneumoniae, the focus should be on factors that are first and foremost required for fitness during colonization, the stage during which the bacteria experience selective pressure.
